Summary Neutral lipids were analyzed in stem wood of a 7-year-old clone and in five 35-70-year-old mature trees of silver birch (Betula pendula Roth). In young trees and in mature wood of old trees, the free fatty acid fraction comprised less than 5% of the concentration of triacylglycerols (TG). The concentration of free linoleic acid was lowest in March when the young trees were dormant and highest during midsummer and September. In mature trees, the TG concentration increased toward the pith, indicating that living parenchyma cells close to the pith have a large TG storage capacity. The TG concentration (mean 0.51 ± 0.02% of wood dry mass) remained constant throughout the year in young trees, whereas the concentration of β-sitosterol, the dominant free sterol (mean 82.5 ± 0.4% of total free sterols), decreased during spring and early summer when the temperature gradually increased, and increased during autumn when the trees became dormant. In young trees, we detected a seasonal interconversion between the free and esterified forms of β-sitosterol and campesterol, and within the steryl ester fraction between squalene and betulaprenol-7. The concentration of esterified sterols/isoprenoids was exceptionally high, especially in the inner regions of mature stem wood (mean 0.6 ± 0.03% of wood dry mass). No heartwood formation was detected.
Introduction
According to the definition proposed by Sinnot (1918) , diffuse-porous angiosperms belong to a tree group whose principal form of stored energy in wood is fat (i.e., triacylglycerols (TG)) instead of starch. However, this definition remains controversial (Ziegler 1964) . Studies of diffuse-porous angiosperm tree species have shown that starch is an important storage form of energy in wood of some species (e.g., silver birch (Betula pendula Roth); Piispanen and Saranpää 2001) and that conversion of starch to fat is negligible during autumn in the wood of several species van Cleve 1991, Harms and Sauter 1992) .
In silver birch, fat stored in wood (mainly TG) is detected as tiny fat droplets in radial and axial parenchyma cells (Harms and Sauter 1992) . In herbaceous plant cells, free fatty acids are metabolic intermediates and are not regarded as a storage pool. The size and composition of the free fatty acid fraction in living wood cells depends on the composition of the cell membranes and the TG fraction (Höll and Priebe 1985) .
Plant sterols are structural components of plant membranes and play a significant role in the regulation of plant membrane properties (Rodriguez et al. 1985, Rahier and Taton 1997) . All plant sterols are able to regulate plasma membrane fluidity, but with different efficiencies, by altering the physical state of the plasma membrane lipid bilayer and restricting the motion of fatty acid chains (Hartmann 1998) . Plant sterols have also been shown to modulate ATPase activity in plasma membranes of maize (Zea mays L.) roots (Grandmougin-Ferjani et al. 1997) .
Sterols serve as intermediates in the synthesis of plant steroid hormones such as brassinolide, which is derived from campesterol (Clouse and Sasse 1998) . Recent studies have revealed other functions for plant sterols. For example, β-sitosterol functions as sitosterol-β-glucoside, a glucan polymerization primer in cellulose synthesis (Peng et al. 2002) . Steryl esters, which occur in plants in soluble forms, such as in lipoprotein complexes (Wojciechowski 1991 , Dyas and Goad 1993 , Gondet et al. 1994 , are involved in storage and transport. In Scots pine, the concentration of steryl esters increases across the heartwood toward the pith Lipp 1987, Saranpää and Nyberg 1987a) . The accumulation of free sterols in the innermost heartwood has been observed in Scots pine Lipp 1987, Saranpää and Nyberg 1987a) and black locust (Robinia pseudoacacia L.; Hillinger et al. 1996) .
The lipophilic extractives affect both the chemical and mechanical processing of wood. It is a well known that silver birch, like other diffuse-porous angiosperms (e.g., Populus tremuloides Michx.; Chen et al. 1995) , causes more pitch problems during Kraft pulping than soft woods like Scots pine (Pinus sylvestris L.) (Mustranta et al. 1995) . Although the composition of lipophilic extractives in birch wood has been characterized (e.g., Perilä and Toivonen 1958 , Selleby 1960 , Clermont 1961 , Assarsson and Åkerlund 1966 , Paasonen 1967 , Ekman and Pensar 1973 , Höll and Poschenrieder 1975 , Harms and Sauter 1992 , such studies have been limited to the identification and characterization of the extractive components or the samples were taken from branches or from only one tree. Little is known about the seasonal variation in lipophilic com-ponents of stem wood.
We studied the seasonal and within-stem variations in the concentrations of the principal lipophilic extractives in silver birch stem wood. We also compared the concentrations of storage lipids, free fatty acids and sterol components in young and mature deciduous hardwood and discussed the physiological roles of lipophilic components in silver birch stem wood. Because repeated increment coring of mature stems would have caused wound reactions and affected the concentrations of the studied components, we used a 7-year-old silver birch clone, thereby minimizing inter-tree genetic variation.
Materials and methods

Plant material
During 1996 and 1997, stem material was collected from 7-, 35-and 70-year-old silver birch (Betula pendula Roth) trees growing in Punkaharju, Laukansaari, Finland (61°47′ N, 29°1 7′ E, mature stems; 61°48′ N, 29°20′ E, young trees). The same samples were also used for a study of soluble carbohydrates (Piispanen and Saranpää 2001) . Two trees were felled in a 35-year-old stand and three trees were felled in a 70-year-old stand of silver birch. The young trees were felled from a 7-year-old silver birch clone (V5952, micropropagated by Stora Enso, Stockholm, Sweden, in 1990) stand growing in fertile former agricultural land with a tree spacing of 1 × 1 m. Mean height, diameter at 1 m height and growth ring width at 1 m stem height of the young trees were 5.39 ± 0.28 m (± SΕ), 3.30 ± 0.02 cm (± SE) and 3.16 ± 0.08 mm (± SE), respectively. The number of degree days in 1997 in Punkaharju was 1326.
To study seasonal variation in lipid concentration, five young trees were felled on each of six dates: (1) while dormant (March 7, 1997); (2) before bud burst (May 6, 1997); (3) two weeks after bud burst (May 21, 1997); (4) during radial growth (July 4, 1997); (5) at the beginning of leaf senescence (September 15, 1997); and (6) at the beginning of dormancy (November 4, 1997) . At each sampling, a 50-cm-long section of stem was removed at a stem height of 1 m from each felled tree. The samples were immediately transported to the laboratory in containers (4°C) and stored at -20°C. Two 1-cm-thick sample disks were removed at a distance of 10 cm from each end of the section and combined to form a single sample. The disks were debarked and the cambium was removed.
To study within-stem variation in lipid concentration, two 35-year-old silver birch trees were felled on June 28, 1996 (Trees 1 and 2) and three 70-year-old trees (Trees 3, 4 and 5) were felled on July 4, 1997 (for tree characteristics, see Figure 1) . Stem samples were removed at heights of 0, 1, 6 and 12 m (Figure 1 ). In addition, a narrow strip was sawn through the pith immediately after the trees were felled. The samples were immediately transported to the laboratory in containers (4°C) and stored at -20°C. Subsamples of these stem samples were obtained from the outermost sapwood (1-3 cm from the cambium) and at 1-3 cm from the pith on either side of the stem samples taken at heights of 0, 1, 6 and 12 m. Additionally, subsamples were taken at 6 -12 cm from the pith on either side of the stem samples taken at heights of 0 and 1 m (Figure 1 ). At each stem height and cross-sectional location, the two subsamples taken from different sides of the pith were combined to form a single sample.
Wood samples were cut into pieces, lyophilized (-60°C for 4 days) and homogenized to a fine powder (Polymix mill, Kinematica AG, Littau-Lucerne, Switzerland) at -30°C and stored at -20°C.
Extraction, purification and hydrolysis of lipids
Wood powder (100 mg) was extracted in a mini-Soxhlet apparatus with 20 ml of acetone for 6 h at 56.2°C. Internal standards (triheptadecanoin, heptadecanoic acid, cholesterol and cholesteryl heptadecanoate) were added to the extraction solvent. The extracts were redissolved in diethyl ether and stored under nitrogen at -20°C. Free fatty acids (free FA), TG, free sterols (ST) and steryl esters (SE) were separated by thin-layer chromatography (TLC, Merck 1.05715, 0.20 mm silica gel). The plates were developed in 85:15:1 (v/v) petroleum ether (boiling point 40-60°C):diethyl ether:acetic acid (Ekman 1979 , Saranpää and Nyberg 1987a , Kates 1988 . The fractions were located by UV light after spraying the edges of the plates with 0.001% primulin (Sigma P-7522, Wright 1971) . The corresponding untreated zones were scraped off and extracted four times in 1 ml of ethyl acetate. The free FA fraction may contain some fatty acids from monoacyl-and diacylglycerol, because they are not completely separated by TLC. The free FA and TG fractions were saponified with 0.5 M KOH in 90% ethanol for 1 h and the SE fraction was saponified for 3 h at 70°C. The solutions were diluted with water (1:1 v/v) and acidified to pH 2.0 with 1 M HCl (Ekman 1979) . The saponification residues were extracted three times in 1:1 (v/v) n-hexane:diethyl ether. Samples were evaporated to dryness in a stream of nitrogen.
Preparation of fatty acid methyl esters (FAME)
Fatty acid methyl esters (FAME) were prepared from the saponified residues by addition of 1 ml of boron trichloride in methanol (Sigma B-1002) at 90°C for 30 min. Four ml of chloroform and 1 ml of distilled water were added and the samples were shaken vigorously. The upper layer was discarded and the organic phase was washed three times with 2 ml of Folch 2-phase (Folch et al. 1957) . Samples were redissolved in 200 µl of hexane and subjected to gas chromatography (GC) (Nyberg and Koskimies-Soininen 1984) .
Preparation of TMS-derivatives of sterol fractions
Samples were evaporated to dryness. Forty µl of water-free pyridin (stored with KOH crystals), 300 µl of bis-trimethylsilyltrifluoroacetamide and 100 µl of trimethylchlorosilane were added to the sample tubes. Samples were incubated for 1 h at 70°C and stored at -80°C until analyzed by GC.
Gas chromatography of FAMEs and TMS-esters of sterols
Quantitative measurements of FAME and TMS-esters of sterols were made with a Hewlett Packard gas chromatograph 5890 Series II (Wilmington, DE) with a fire ionization detector. The GC was equipped with a 30-m HP-5 (5% phenyl methyl siloxane, Hewlett Packard, Palo Alto, CA) column with an internal diameter of 0.25 mm and a film thickness of 0.25 µm. For FAME, the column temperature started at 170°C and was increased at 3°C min -1 to a final temperature of 280°C, which was held for 1 min. For TMS-esters of sterols, the column temperature started at 110°C and was increased at 10°C min -1 to a final temperature of 300°C, which was held for 40 min.
Helium with an inlet pressure of 130 kPa served as the carrier gas. Split-injection mode was used. The injection volume was 1 µl and the split flow was 20 ml min -1 (split ratio 1:10). The septum purge was 2 ml min -1 . The injector temperature was 260°C and the detector temperature was 300°C. Chromatograms were analyzed with an HP ChemStation program (Agilent Technologies, Wilmington, DE). The FAME and TMSderivatives were identified by co-chromatography of authentic standard compounds and by GC-MS (gas chromatographymass spectrometry) (HP 6890 GC system (Hewlett Packard, Waldbronn, Germany) with an HP 5873 mass selective detector at 70 eV (Hewlett Packard) and temperature program, GC column and gas flow adjustments were made as previously described and by using Wiley 275 GC-MS information). Total ion chromatograms (TIC) of FAME-derivatives and TMS-esters were analyzed. The mass range was 50-600 ion mass units. The identification TMS-esters of sterols was further confirmed by comparing our MS results to isoprenoid mass spectra published for silver birch Kraft black liquor (Niemelä 1990 ). All lipid concentrations are expressed as µg mg -1 of wood dry mass.
Statistical analysis
Statistical analysis was carried out with SPSS Version 9.0.1, (SPSS, Chicago, IL). Gauss distribution of populations was checked by the Kolmogorow-Smirnov test with Lilliefors significance correction. Homogeneity of variance was determined by Levene's test. Lipid concentrations in the seasonal study followed Gauss distribution. Data were evaluated by one-way ANOVA, or the Kruskal-Wallis analysis if the variances were unequal (in the case of free linoleic, palmitic and stearic acid, free β-sitostanol and esterified squalene). Both one-way AN-OVA and Kruskall-Wallis analysis gave similar results for all dependent variables tested. Pairwise differences were analyzed by the Tukey test.
Lipid concentrations in the within-stem study also followed TREE PHYSIOLOGY ONLINE at http://heronpublishing.com Gauss distribution and variance was equal except for squalene (in steryl ester fraction) and β-sitosterol (in free sterol fraction). Data were analyzed by the General Linear Model, which is composed of repeated-measures ANOVA including HuynhFeldt's test. In the ANOVA model, two internal subject factors and their interaction were tested. Internal subject factors were height of the samples (four levels: 0, 1, 6 and 12 m) and the distance of the sample from the pith (2 levels: 1-3 cm from the pith, and 1-3 cm from the cambium). Only two levels of the distance factor could be tested because stem diameters at heights of 6 and 12 m were too small to obtain a sufficient number of samples at various distances from the pith for statistical analyses.
Results
In silver birch stem wood, the free FA fractions contained mainly palmitic (hexadecanoic acid, 16:0), linoleic (octadeca-9,12-dienoic acid, 18:2), oleic (9-octadecanoic acid, 18:1), linolenic (octadeca-9,12,15-trienoic acid, 18:3), stearic (octadecanoic acid, 18:0), arachidic (eicosanoic acid, 20:0), behenic (docosanoic acid, 22:0) and lignoceric acid (tetracosanoic acid, 24:0) ( Figure 2 ). Because only trace amounts (< 0.001 µg mg -1 ) of long-chain saturated fatty acids (20:0, 22:0, 24:0) were detected in young trees, these FA values are not presented in Figure 2 . Oleic (18:1) and linolenic acid (18:3) could not be separated by the HP-5 column and were analyzed as one component. Unlike other studies (e.g., Ekman and Pensar 1973), we were unable to detect eicosenoic acid (20:1) based on GC with an HP-5 column.
The ST fraction comprised β-sitosterol, β-sitostanol and campesterol (Table 1 ). The SE fraction was composed of the isoprenoids: β-sitosterol, β-sitostanol, campesterol, citrostadienol, cycloartenol, 24-methylenecycloartanol, squalene, betulaprenol-6, betulaprenol-7 and betulaprenol-8 (Table 1) . 7, 11, 15, 19, 23, 27, 31, 6, 10, 14, 18, 22, 26, 30 ,34-hexatriacontanonaen-1-ol) could not be detected by GC with an HP-5 column. In the SE fractions, only trace amounts (< 0.01 µg mg -1 ) of lupeol were detected in two of the mature stems and so this component is not presented in Figures 3 and 5 .
Seasonal variation in lipids in wood of 7-year-old trees
Mean free FA concentration (± SE) was 0.32 ± 0.02 µg mg -1 . Free FA concentration was highest during midsummer (F = 4.27, P = 0.006 in one-way ANOVA, Figure 2A ). The mean proportion of linoleic acid (18:2), the principal fatty acid in the free FA fraction, was 40.8 ± 3.3% of the total free FA concentration. The concentration of linoleic acid in the FA fraction increased in spring and was highest during midsummer and September (F = 6.02, P = 0.001, Figure 2B ). The mean TG concentration was 5.08 ± 0.21 µg mg -1 . The mean proportion of the principal fatty acid, linoleic acid, in the TG fraction was 72.6 ± 0.9% of the total TG fatty acid concentration. The TG concentration was slightly, although not significantly, higher during the dormant period in November and in March, than during summer and spring (Figure 2A ). The palmitic acid (16:0) concentration in the TG fraction was lower in samples taken 2 weeks after bud break in May than in samples taken in March and November (F = 5.12, P = 0.002, Figure 2C ).
Mean concentration of ST was 0.19 ± 0.01 µg mg -1 . Free β-sitosterol comprised 82.5 ± 0.4% of the total free sterol con-994 PIISPANEN AND SARANPÄÄ TREE PHYSIOLOGY VOLUME 24, 2004 7, 11, 15, 19, 6, 10, 14, 18, 0.055 (0.029) tetracosahexaen-1-ol 7, 11, 15, 19, 23, 6, 10, 14, 18, 22, 1.514 (0.457) octacosaheptaen-1-ol 7, 11, 15, 19, 23, 27, 6, 10, 14, 18, 22, 26, (0.100) 0.982 (0.592) dotriacontaoctaen-1-ol Lupeol (3β)-Lup-20(29)-en-3-ol -Trace centration, whereas the proportion of β-sitostanol was 16.0 ± 0.4%. The concentration of free β-sitosterol markedly decreased toward midsummer, when the temperature was highest, and increased toward November, when the temperature was lowest (F = 22.80, P < 0.001, Figure 3A , for detailed meteorological data, see Piispanen and Saranpää 2001) . The free β-sitostanol concentration was highest during bud break in May and lowest when the leaves were yellowing in September (F = 24.68, P < 0.001, Figure 3A) . The free campesterol concentration was highest during bud break and lowest during radial growth in July (F = 5.69, P = 0.001, Figure 3A) . The mean total SE concentration was 3.03 ± 0.17 µg mg -1 . Seasonal changes were detected in the concentration of SEbound β-sitosterol, and highest concentrations were measured in July and September (F = 4.08, P = 0.009, Figure 3B ). The concentrations of SE-bound cycloartenol (F = 6.76, P = 0.001) and campesterol (F = 8.70, P < 0.001) were greatest during midsummer in July and lowest during spring from March until bud break in May ( Figure 3B ). The concentration of squalene was greatest in samples taken during autumn in September and November (F = 18.87, P = 0.001, Figure 3C ). The concentration of betulaprenol-7 decreased during spring, reaching a minimum in July (F = 5.85, P = 0.001, Figure 3C ).
Within-stem variation in lipids in wood of 35-and 70-yearold trees
The mean free FA concentration (sum of total free FA in the FA fraction) was 0.34 ± 0.02 µg mg -1 . The dominant fatty acid in the FA fraction was linoleic acid (54.4 ± 2.1% of total free FA fraction, Figures 4C, 4E and 4G ). The TG concentration (total concentration of TG fatty acids) was highest in samples close to the pith ( Figure 5B , Table 2 ). Mean TG concentrations in the inner and outer parts of the stem were 9.07 ± 1.19 and 4.50 ± 0.45 µg mg -1 , respectively. The dominant fatty acid in TG fraction was linoleic acid (78.8 ± 0.6% of total TG fatty acids). The concentrations of saturated fatty acids (16:0, 18:0, 20:0, 22:0 and 24:0) and linoleic acid (18:2) were higher in samples close to the pith than in samples close to the cambium ( Figures 4D, 4F and 4H, Table 2 ).
Free β-sitosterol and free β-sitostanol comprised about 85.8 ± 0.4 and 12.0 ± 0.5%, respectively, of the total ST concentration. Concentrations of free β-sitosterol and free β-sitostanol were higher in samples close to the pith than in samples close to the cambium ( Figures 5A and 5B , Table 3 ). Concentrations of steryl/isoprenoid esters in the inner and outer stem parts were 5.94 ± 0.31 and 4.04 ± 0.33 µg mg -1 , respectively. In the SE fraction, the concentrations of campesterol, citrostadienol, 24-methylenecycloartanol, squalene and betulaprenol-6 were significantly higher in samples close to pith than in samples close to the cambium (Figures 5C and 5F-I, Table 3 ).
Discussion
In young and mature stem wood of silver birch, free FA comprised less than 5% of the total concentration of TG (Figures 2A, 4A and 4B ). In Scots pine sapwood, the free fatty acid component constitutes about 10% of the total TG fraction Nyberg 1987b, Fischer and Höll 1992) . In stem wood of both young and mature silver birch trees, the concentrations of free FA and linoleic acid in the FA fraction were highest during midsummer (Figures 2A, 2B , 4A, 4C, 4E and 4G), and the FA fraction had a larger proportion of saturated fatty acids (palmitic acid and stearic acid) than the TG fraction. Similarly, in Scots pine sapwood, Saranpää and Nyberg (1987b) found that free FA were more saturated during winter than during summer and were also more saturated than the TG fatty acids. These authors concluded that changes in the composition of the FA fraction reflect the metabolic activity of the Scots pine trees, with the wood parenchyma cells having more saturated free FA during the winter rest period than at other times of the year.
In stem wood of our young trees, the composition of TG fatty acids remained stable throughout the year, except for a TREE PHYSIOLOGY ONLINE at http://heronpublishing.com slight decrease in palmitic acid during May ( Figure 2C ), in agreement with observations made in Scots pine sapwood (Saranpää and Nyberg 1987b) . Both the total concentration and the seasonal variation of storage lipids (TG) were low in our young trees. Silver birch is a diffuse-porous angiosperm, so according to the definition of Sinnot (1918) it is classified as a fat-storing tree like linden (Tilia cordata Mill.), which has been reported to show large seasonal changes in the TG concentrations (Höll 1975, Höll and Priebe 1985) . However, as in our study, Hoch et al. (2003) found no significant seasonal variation in storage lipids in sapwood of several coniferous and deciduous trees, including some diffuse-porous angiosperms. Piispanen and Saranpää (2001) reported a significant increase in starch concentration in stem wood of young silver birch during fall. We analyzed the same samples and found no significant changes in TG concentration ( Figure 2A , Table 2 ). Similarly, no significant conversion of starch to fat was detected during the autumn in samples collected from 6-to 8-year-old branch wood of silver birch (Harms and Sauter 1992) , branch wood of poplar (Populus × canadensis Moench 'robusta'; van Cleve 1991, 1994) or stem wood of Norway spruce (Höll 1985) . Harms and Sauter (1992) , who studied branch wood of silver birch, reported lower TG concentrations (1.25-2.5 µg mg -1 ) than those we measured in our 7-year-old silver birch stems. These authors detected increases in two peaks in the storage fat profile during leaf yellowing and leaf fall (Harms and Sauter 1992 ), whereas we observed that only a single TG fatty acid (palmitic acid) increased when our 7-year-old trees were dormant.
Within-stem variation in the concentration of TG-bound fatty acids was larger in mature trees than in young trees during midsummer (Figures 2A and 4B) , probably because the young trees belonged to the same clone. In mature silver birches, the TG concentration was higher in samples close to the pith than in samples close to the cambium ( Figure 4B , Table 2). Similarly, Höll and Poschenrieder (1975) found that the TG concentration increases toward the pith. Because silver birch does not form heartwood (Piispanen and Saranpää 2001) , the storage lipids seem to accumulate in the living pa- . Error bars indicate standard error. Samples were taken 1-3 cm (inner; ᭜) or 3-6 cm (middle; ) from the pith, and 1-3 cm from the cambium (outer; ᭡). For statistics, see Table 3 . Abbreviation: dm = dry mass. Table 2 .
renchyma cells close to the pith in mature trees. In our trees, the free sterol fraction comprised mainly β-sitosterol ( Figures 3A, 5A and 5B, Table 1 ). Similar compositions have been reported for stem wood of Scots pine (Saranpää and Nyberg 1987a) and black locust (Hillinger et al. 1996) . As in other studies (Selleby 1960, Assarsson and Åker-lund 1966) , the steryl ester fraction was composed of a wide range of major STs and their intermediates, including β-sitosterol, citrostadienol, cycloartenol and 24-methylenecycloartanol, and other isoprenoids typical of silver birch wood such as squalene and betulaprenols-7 and -8 ( Figure 5 , Table 1 ).
Changes in the concentration of free β-sitosterol were directly associated with changes in air temperature ( Figure 3A) . In plant cells, free ST accumulate in the plasma membrane where they regulate membrane fluidity (Rodriguez et al. 1985 ). An increase in β-sitosterol concentration in plasma membranes has been detected during cold acclimation of Solanum species (Palta et al. 1993 ) and winter rye seedlings (Secale cereale L.; Uemura and Yoshida 1984, Lynch and Steponkus 1987) . In contrast, when roots of green wheat (Triticum aestivum var. Monon) were kept at 1 or 10°C, the total concentration of free ST and β-sitosterol first decreased and then recovered to a value exceeding that of the original concentration (Davis and Finkner 1972) .
In our young trees, the concentrations of free campesterol and β-sitosterol decreased and the concentrations of SE-bound campesterol and β-sitosterol increased during radial growth in midsummer ( Figures 3A and 3B ). It has been suggested that TREE PHYSIOLOGY ONLINE at http://heronpublishing.com SEASONAL VARIATION IN LIPIDS OF BIRCH WOOD 997 Table 3 . Repeated measures ANOVA results (Huynh-Feldt's test) for compounds in free sterol and steryl ester fractions in mature silver birch trees felled on July 4. The F values are presented for within-subject factors and their interaction. Asterisks indicate level of significance: *** = P < 0.001; ** = P < 0.01; and * = P < 0.05. (total, 16:0, 18:2, 18:1 + 18:3, 18:0, 20:0 + 22:0 + 24:0) and triglycerol (TG) (total, 16:0, 18:2, 18:1 + 18:3, 18:0, 20:0 + 22:0 + 24:0) fractions in mature silver birch trees felled on July 4. The F-values are presented for within-subject factors and their interaction with levels of significance indicated (** = P < 0.01; and * = P < 0.05 (Dyas and Goad 1993) , or are involved in storage and transport as in mammalian cells (Grunwald 1980) , or serve as an interconvertible pool for free ST and FA (Dyas and Goad 1993, Hillinger et al. 1996) . In black locust wood, the concentration gradients of SE are inversely correlated with free sterol concentrations in samples taken from the pith to cambium (Hillinger et al. 1996) . In tissue cultures of the sterol-overproducing mutant tobacco (Nicotiana tabacum L.), it has been shown that ST accumulate as SE in hyaloplasmic bodies (Gondet et al. 1994 ). Our study of seasonal variation in lipids supports the storage pool theory by showing that the concentrations of campesterol and β-sitosterol were inversely correlated in the free and esterified steryl fractions ( Figures 3A and 3B ). In addition, the concentrations of β-sitosterol in the free sterol and SE fractions were inversely correlated in the inner parts of large stems at 12 m height (Figures 1, 5A and 5D ). Cycloartenol is a polycyclic intermediate unique to plant sterol biosynthesis (Clouse 2002) , and in silver birch wood, this intermediate is present in esterified form as 24-methylenecycloartanol. In young silver birches, the concentration of SEbound cycloartenol peaked during maximum radial growth in midsummer ( Figure 3B ), and the seasonal profile for 24-methylenecycloartanol closely followed that of cycloartenol (Figure 3B) . The cycloartenyl esters in Taraxacum officinale Weber (Westerman and Roddick 1981) and black locust (Hillinger et al. 1996) show a similar positive correlation with temperature.
In young silver birches, the concentration of SE-bound squalene increased and the concentration of SE-bound betulaprenol-7 decreased during spring ( Figure 3C ), perhaps indicating a seasonal metabolic interconversion between these aliphatic isoprenoids. To our knowledge, seasonal variation of these aliphatic components has not previously been studied in xylem.
In mature silver birches, the concentrations of free and SEbound ST (β-sitosterol, β-sitostanol and citrostadienol) were higher in samples taken close to the pith than in samples taken close to the cambium (Figures 5A, 5B and 5F, Table 3 ). Accumulation of free ST and SE in the inner parts of stem wood has been documented for young and mature Scots pine wood (Höll and Lipp 1987) . In detailed analyses of the different sapwood zones of Scots pine (Saranpää and Nyberg 1987a ) and black locust (Hillinger et al. 1996) , the free sterol concentration decreased toward the heartwood transition zone, which was taken to indicate membrane deterioration. In photoautotrophic cultures of Chenopodium rubrum, the free sterol concentration (i.e., sitosterol, stigmasterol and campesterol) decreased and the concentration of oxidized phytosterols increased during aging (Meyer and Spiteller 1997) . However, in black locust inner heartwood, the free sterol concentration was fairly high and a slight decrease in the proportion of β-sitosterol was detected toward the pith (Hillinger et al. 1996) . In silver birch wood, the proportion of free β-sitosterol did not decrease from cambium to pith at any of the measured heights ( Figures 5A and 5B); thus, no sign of wood senescense in the innermost parts of mature wood was detected. However, in mature wood, the free β-sitosterol concentration was high in young parts of the wood (e.g., at a height of 12 m) and in older parts of the wood (e.g., cells close to pith and at stump height) (Figure 5A) , which is consistent with the free sterol profile detected in the trunk of black locust by Hillinger et al. (1996) .
We observed accumulation of SE-bound citrostadienol, SEbound cyclic triterpenoid, 24-methylenecycloartanol and SEbound acyclic terpenoids like squalene and betulaprenol-6 in the inner parts of mature silver birch wood ( Figures 5F-I , Table 3), perhaps indicating that, in silver birch wood, these components function as a reservoir for secondary metabolites of the living cells close to pith. The large variety of SE-bound isoprenoids, especially those having an intermediate in the isoprenoid part of the compound (e.g., 24-methylenecycloartanol and squalene), maybe a consequence of the exceptionally high concentration of the SE fraction in silver birch when compared with Scots pine (Höll and Lipp 1987 , Saranpää and Nyberg 1987a , Saranpää and Piispanen 1994 .
In conclusion, we found marked seasonal variation in the concentrations of isoprenoids and one TG fatty acid and in the size of the free fatty acid fraction in silver birch. Large seasonal variation in neutral lipids in stem wood is a characteristic feature of deciduous fat-storing trees like Tilia cordata Mill. (Höll and Poschenrieder 1975 ) that accumulate lipophilic constituents in the inner parts of the stem; however, the seasonal variation in TG concentration in silver birch was small and untypical of a fat-storing tree. Silver birch had high concentrations of steryl and other isoprenoid esters in mature wood and also in the young xylem, indicating a high capacity for isoprenoid formation and acylation. We found no evidence of heartwood formation in silver birch wood.
